The compression process in a piston cylinder device in a Compressed Air Energy Storage (CAES) system is studied computationally. Twelve different cases featuring four different compression space length-to-radius aspect ratios and three different Reynolds numbers are studied computationally using the commercial CFD code ANSYS FLUENT. The solutions show that for compression with a constant velocity, the compression can be approximated by a polytropic pressure vs. volume relation. The polytropic exponent, ݊, characterizes the heat transfer and temperature rise of the air being compressed. For the cases computed, it varies from 1.124 to 1.305 and is found to be more affected by Reynolds number and less by the length-to-radius ratio. Since the efficiency and storage power of the compressor depend on pressure vs. volume trajectory during compression, they are written as functions of the pressure rise ratio and the polytropic exponent, ݊. The efficiency is high at the beginning of the compression process, and decreases as the compression proceeds. The effect of temperature rise, or heat transfer, on efficiency and storage power is shown by comparing the efficiency and storage power vs. volume curves having different values of ݊ values. Smaller temperature rise always results in higher efficiency but lower dimensionless storage power for the same compression pressure ratio. The storage power is used in this study to distinguish the compression process effect (݊ effect) and the compressor's size effect on the storage power. The likelihood of flow transitioning into turbulent flow is discussed. A ε − k Reynolds Averaged Navier Stokes (RANS) turbulence model is used to calculate one of the larger Reynolds number cases. The calculated polytropic exponent was only 0.02 different from that of the laminar flow solution. The CFD results show also that during compression, complex vorticity patterns develop, which help mix the cold fluid near the wall with the hot fluid in the inner region, beneficial to achieving a higher efficiency.
INTRODUCTION 1.Motivation
The current study analyzes the performance of compressors used for a Compressed Air Energy Storage (CAES) system. In the current analysis of the CAES system, air is compressed in a piston cylinder device. After compression, the highly pressured air has a high work potential and can be used for later work extraction by expanding it in a piston-cylinder region [1] . Although this approach is named "energy storage," it is not the internal energy of air that is being raised and stored; it is the exergy of the air. Given this, we will use the conventional definition of "storage energy" following [2] and [3] . The storage energy is defined as the amount of work extraction from the compressed air as it would undergo an isothermal expansion process to the atmospheric pressure.
Consequently, the storage power is defined as the storage energy divided by the time used to compress the air.
The total work input to the compressed air takes place in two phases. In the first phase, work is done to compress the air from atmospheric pressure to a high pressure. This compression work constitutes the major portion of the total work input and the phase to be analyzed in CFD in this study. During compression in the first phase, the temperature of the air rises. In the second phase, which is the post-compression storage period, the air cools. In order to maintain the work potential (storage energy) of the stored, compressed air as it cools, pressure is maintained, volume decreases and additional work is done on Equation (3) shows that the efficiency is affected by the pressure vs. volume trajectory during compression. How the pressure changes with volume is dependent upon not only work interaction, but also heat transfer. Compressors of different geometries and piston speeds experience different heat transfer; thus, efficiency is different. For a chosen compression time, different geometries and piston speeds can also result in different storage powers. Understanding how the geometry and piston speed affect heat transfer and how they subsequently affect efficiency and storage power is important.
Background and Objective
Heat transfer during the compression process is accompanied with rapid changes in density, temperature and pressure, and the formation of vortices. The vortex in a moving corner, and its stability, are studied in [4] by means of flow visualization. The experimental setup is similar to a piston cylinder device. The "moving corner" is created by two pistons travelling in the same direction and at the same velocity. It is found from this study that the vortex is stable when Reynolds numbers are below 1.25 ൈ 10 ସ , and fully turbulent if they are above 1.75 ൈ 10 ସ . The Reynolds number is based on the piston diameter and velocity. This study provides insight into estimating the possibility having turbulence in the present study, as will be discussed. Most studies on heat transfer in piston cylinder arrangements are applied to internal combustion engines. An empirical correlation was proposed by Hohenberg [5] for engines that have rpm values from 1000 to 2000. It was shown to be reliable under most of the operational conditions of engines. However, it is specific to engine geometries and not recommended for more general applications [6] .
Another method for estimating heat transfer in the cylinder is via a boundary layer method, which assumes that gradients in temperature perpendicular to the wall are much larger than those along the wall. The solution was shown to agree well with experimental measurements taken for a very short single pulse of the piston pulse [7] and [8] . The same analytical solution was used to compare with an experimental study in [9] , in which a sinusoidal compression trajectory was applied. Only the case in which the ratio of the momentum thickness to thermal boundary layer thickness was 0.44, did the data agree with the solution.
The same boundary layer analysis was used in [10] , where shock waves were induced by the piston. However, overall agreement between the measurements and the analytical solution was not achieved.
Since around ten years ago, advanced CFD methods have become available to be applied to piston cylinder studies. However, analyses from many of them focus on the engine. A 2-D, axisymmetric CFD code was developed to study compression and expansion in a piston cylinder device [11] . Movement of the piston was handled by coordinate transformation. A piston-cylinder device operating at 100 to 3500 rpm with a sinusoidal piston trajectory was featured. A CFD code was applied to a four-stroke engine [12] . The heat transfer coefficient was calculated and compared with data from engines. The inlet and discharge processes during reciprocating compression are included in [13] . The complex geometry was modeled using the commercial CFD code ANSYS FLUENT. In [14] , an engine CFD code KIVA-4 is applied to model spray combustion coupled with heat conduction in the engine wall. In another study, ANSYS CFX was employed to compute sinusoidal compression and expansion of a gas spring [15] .
The studies discussed above have focused mostly on piston cylinders that are of engine configurations. The current study analyzes performance of compressors to obtain results that are more related to CAES applications. In the present study, the single-stroke-compression process with constant piston speed is simulated using ANSYS FLUENT. The study features compressors of different geometries operating with different compression speeds. The objective is to analyze their performance with respect to storage power and efficiency. Factors such as geometry and compression speed are cast into dimensionless parameters through dimensional analysis. The likelihood and effect of flow transitioning to turbulence are discussed.
DIMENSIONAL ANALYSIS
In this section, dimensionless parameters are introduced. Performance parameters, such as storage power and efficiency as given by Eqns. (2) and (3), are related to dimensionless flow variables. In later sections, relations among these dimensionless numbers will be recovered by CFD analysis.
A schematic of the 2-D axisymmetric computational domain for the compressor chamber is shown in Fig.1 . All walls are at ܶ during compression. The bottom boundary in the plot is the centerline of the cylinder. The initial temperature and pressure of air inside the cylinder are ܶ and ܲ . The density, temperature, and pressure are non-dimensionalized using their initial values. The velocity components, in both ‫ݔ‬ and ‫ݎ‬ directions are non-dimensionalized by the piston velocity, which, in the current study, is a constant. The distance ‫ݔ‬ is non-dimensionalized by ‫ܮ‬ , and the distance ‫ݎ‬ is non-dimensionalized by ܴ . A characteristic time is defined based on the length of the cylinder and the piston velocity Copyright © 2012 by ASME the system equations: ோ , ܴ݁, ܴ݅, ‫,ݎܲ‬ and ‫.ܿܧ‬ Definitions of the latter four are given as:
In the current study, Prandtl number, ‫,ݎܲ‬ is not a parameter to be considered. Of the remaining four dimensionless parameters, ோ , ܴ݁, ‫,ܿܧ‬ and ܴ݅, only three are independent. Either ܴ݅ or ‫ܿܧ‬ numbers can be eliminated.
Fig. 1 Schematic of problem domain
Storage power and efficiency, defined by Eqns. (2) and (3) are also written in terms of dimensionless flow variables.
According to Eqn. (2), storage power during compression is affected by: (1) the size of compressor and the chosen compression time, as represented by ݉ and ‫ݐ‬ , and (2) the pressure ratio, ߞ , and can be obtained within the chosen compression time for a given compressor size. The compressions time is affected by heat transfer. A characteristic power term, recovered from non-dimensionalizing the first law of thermodynamics for a closed system is:
It reflects a compressor's capacity for storing energy per unit compression time due to size and chosen compression time. A dimensionless storage power can be used to represent the performance for storing energy per unit time:
Using this dimensionless storage power, comparisons between compressors of different sizes and characteristic compression times can be made. In this study, it is assumed constant piston velocity. Thus the piston velocity does not change with time,
Therefore,
It can be further seen that the dimensionless power term, ‫ݓܲ‬ ௦ ‫כ‬ depends on the pressure vs. volume trajectory during the compression process. The efficiency can be written also in terms of dimensionless variables,
Note that in Eqns. (12) and (13) In this section, characteristic flow parameters, such as ோ , ܴ݁ , and ‫ܿܧ‬ are recovered. Also, the storage power and efficiency are expressed as dimensionless variables by Eqns. (12) and (13), and their relationships studied.
CFD AND GRID INDEPENDENCE
This section will list the cases studied in the CFD runs and will discuss the CFD methodology and the grid and time step independence analyses.
Geometries Studied and CFD Method
Twelve cases are computed, primarily by focusing on varying Table 1 . For each case, the characteristic time, ‫ݐ‬ , based on the cylinder length and piston speed, and the characteristic power, ‫ݓܲ‬ , based on the cylinder size and compression time, are given in addition to the dimensionless parameters. In each case, the piston travels 90% of the total length of the cylinder by the end of compression.
The continuity, momentum and energy equations are solved numerically using ANSYS FLUENT. The spatial derivative terms of density, momentum and energy are approximated using first order upwind. The transient formulation is written using the first-order implicit method. The Pressure-Implicit Split Operator (PISO) algorithm is used for pressure and velocity coupling. The Least Squares Cell Based method is used for calculating discretized spatial derivatives. The Pressure Staggering Option scheme is used for calculating discretized pressure at each face center of the discretized cells. These are mature CFD methods based on [16] - [19] . The movement of the piston in the computation is defined by a function. At each time step, a new position of the moving boundary is updated according to this function and the height of the layer of cells adjacent to the moving boundary decreases. If the height of this layer is smaller than a critical height, it is merged with the next layer of cells. In this analysis, this critical height is slightly smaller than 0.2 times the average cell size.
Grid Independence and Time Step Independence
Both the grid size and time step size affect the accuracy of the solution for this transient problem. An analysis was done to study convergence with grid and time step sizes simultaneously. Two parameters which characterize the effects of grid and time step size are used: the ratio of the discretized cell area to the total area of the computational domain and the Courant number [20] . They are given by: The case Re1000_2 is used for grid and time step size analysis. Thirteen CFD runs of different combinations of grid and time step sizes are computed. In these thirteen runs, the number of grid cells in the axial direction varies from 38 to 304 and the number of grid cells in the radial direction varies from 29 to 232 and the time step size varies from 1813 ൈ 10 ି ‫ݐ‬ to 151 ൈ 10 ି ‫ݐ‬ . Rectangular cells are used. The solutions from the different runs at the times when the piston has traveled 31% of the total length of the cylinder are compared. The error in conservation of mass, and the volume-averaged temperature and pressure are compared vs. C and C ௧ for each case. The results are shown in Fig. 2 , from which it can be clearly seen that for the triangular points, C ௧ is too large and for the square points, C is too large. Based on this analysis, criteria for grid and time step size independence are given by,
The grid and time step size information that meet these criteria, as well as the C and C ௧ values, are given in Table 2 . The cell aspect ratios ( Results computed from cases with various grid and time step sizes (each point represents a grid independence study run), for triangular points C ௧ is too large; for square points C is too large 
RESULTS

Pressure and Temperature Rises
Storage power and efficiency depend upon the pressure rise vs. volume during compression. The cylinder chamber can be considered as a closed system. The volume-averaged pressure and temperature are calculated for each case based on the CFD solution. They are shown in Fig. 3 . The compression in this closed system can be approximated by a polytropic process, such that: for the twelve cases are calculated and plotted over the ranges of Reynolds number and aspect ratio; Fig. 4 . The numerical values of ݊ are listed in Table 3 . The effect of Reynolds number on ݊ is relatively larger than that of the geometry aspect ratio. When the Reynolds number increases, the polytropic exponent increases for the same aspect ratio, meaning that heat transfer decreases. When the aspect ratio is above 0.5, the influence of it on ݊ is relatively small. However, if the aspect ratio is decreased to 0.1, ݊ drops significantly for the same Reynolds number. This means that for aspect ratios approaching 0.1, there is a significant advantage toward enhancing heat transfer, compared to larger aspect ratio cases. The effect of Eckert number is not recognized in this study. It has a small effect on ݊ in the present study.
From the CFD results shown in Fig. 3 , the pressure vs. volume trajectory during compression can be represented by the polytropic exponent. Its values for different Reynolds numbers and different aspect ratios are given in Fig. 4 . Next, the effects of polytropic exponent on storage power and efficiency are addressed. 
Storage Power and Efficiency Analysis
The polytropic model for pressure rise during compression facilitates the analysis of storage power and efficiency. Equations (12) and (13) Here, the effect of compression pressure ratio, ܲ ‫כ‬ , is analyzed. The dimensionless storage power and efficiency for a polytropic compression process are written as: Equations (20) and (21) are plotted against ܲ ‫כ‬ for different ݊ values in Fig. 5 . As shown in Fig. 5 (a) , when ݊ ൌ 1, which is the isothermal process, the efficiency appears to be ideal. This is because with isothermal compression, no "cooling work," to be discussed, is needed (note frictional losses are not considered). When the compression is not isothermal (݊ 1), the part of the work input during compression that is converted into the a rise of internal energy of the air is lost during the subsequent part of the process in which the fluid is isobarically cooled back to ambient temperature and an additional amount of work, called "cooling work," is applied during this isobarically cooling process. Therefore, for a given pressure compression ratio, the efficiency of an isothermal compression process is always the highest. For a case of larger ݊ , which indicates lesser heat transfer situation and a larger temperature rise, the efficiency is smaller. When ݊ ൌ 1.4, the process is adiabatic and has the lowest efficiency.
As shown in Fig. 5 (b) , storage power increases with increasing pressure ratio for a given heat transfer condition. The work potential (storage energy) primarily depends on pressure ratio. For the same pressure ratio, increasing ݊, leads to lesser heat transfer and increased storage power. It is because of (1) a faster rise in temperature during compression due to lesser heat transfer which results in shorter compression time for the same pressure ratio and (2) storage power is a measure of the rate of achieving a certain storage energy level. Storage power is always bounded by two values; the low-end value occurs in isothermal compression and the high-end value occurs in adiabatic compression. Furthermore, it can be seen from Fig. 5 that there is a tradeoff between efficiency and storage power. 
A Remark on the Storage Power
Storage power can also be used to compare the performance of storing energy per unit time for compressors of different sizes.
As an example, consider two compressors. One has ‫ܮ‬ ൌ 1݉, ܴ ൌ 0.5m, and a compression time of 59.6s whereas the other has ‫ܮ‬ ൌ 1݉, ܴ ൌ 0.1݉, and a compression time of 6.0s. Both compress air to a final volume of 10% of the initial volume with a constant piston velocity. These two compressors are investigated as cases Re1000_2 and Re2000_10.The values of the absolute storage power are, respectively, 2538W and 1096W. Case Re1000_2 seems to have a larger absolute storage power. However, caseRe1000_2 has a much larger characteristic power due to a larger volume. In fact, the dimensionless storage power values for cases Re1000_2 and Re2000_10 are: 2.113 and 2.287, and case Re2000_10 actually performs better.
TURBULENCE AND FLOW FIELD
Based on a criterion given in [4] , transition from a laminar vortex to a turbulent vortex in a moving corner of a piston and a chamber wall begins at a Reynolds number of 1.25 ൈ 10 ସ in a moving corner of a piston and a chamber wall. Although no compression effect is included in [4] , we assume that for a flow field under compression, the critical Reynolds number at which the vortex starts to be unstable, has a magnitude similar to1.25 ൈ From the above discussion, transition to turbulent flow may happen in the later portion of the compression process in some cases. In order to see the effect of turbulent flow on the previously calculated results, case Re2000_2 is selected. For the purpose of comparison to the previous laminar flow calculation, a standard ݇ െ Ԗ model is used for the turbulence modeling assuming the flow field of case Re2000_2 is now turbulent. The ݇ െ Ԗ model allows modeling the turbulent shear stress and the turbulent thermal diffusion without resolving the small-scale features of the turbulent flow. In the model, the transport equations of turbulence kinetic energy and its dissipation rate are solved and coupled with the continuity, momentum and energy equations. The model was developed by [21] . In the present study, it is applied via ANSYS FLUENT. A mesh that is finer than that for the laminar calculation is used. There are 152 elements in the axial direction and 116 in the radial direction. The time step is selected as half the time step used in the laminar case. This satisfies the requirements given by (16) and (17) .
The calculated pressure vs. volume and temperature vs. volume curves are shown and compared with those of the laminar (see Fig. 6 ). The differences between the two solutions become larger as the compression process nears the end. A least-square fit of the data given by the RANS formulation shows that the polytropic exponent is 1.275. For the laminar formulation, it was 1.295. More effective cooling is achieved when the flow is modeled as a turbulent flow. This is because the eddy diffusivity of thermal energy is an additional transport mechanism for heat transfer compared to the laminar flow case. Thus, if the flow can be made more turbulent, the efficiency of energy storage will be higher. The flow field during compression is shown in Fig. 7 . The dimensional parameters for this run are ‫ܮ‬ ൌ 1݉ , ܴ ൌ 0.5݉ , and ܷ ൌ ‫..ݏ/݉2030.0‬ Representation of the four boundaries in each contour plot is the same as shown by Fig.1 .
As shown in Fig.7 , a thin stream of flow very close to the cylinder wall, which goes in the opposite direction to the piston movement, is developed in the early stage of compression. A vortex is formed in the corner between the piston and the cylinder wall, as shown in Fig.7 (a) . The shape of this vortex has some similarity to those studied in [4] . The flow is most energetic from 10s to 20s. At 10s, some small vortices develop near the cap (right side) due to flow deceleration as it approaches the wall. These vortices help mix the colder fluid near the wall with the hotter fluid in the inner region of the chamber. The vortex that was previously in the corner between the piston and the cylinder wall, together with the near-wall counter stream, have developed strong mixing effects near the piston side (left side). This mixing effect cools nearly half the chamber on the piston side. At 15s, the vortices that developed near the cap (right side) become larger in scale, carrying more cold fluid from the wall to mix with hot fluid inside. At 20s, shrinking of the axial length leads to dampening of the fluid motion near the walls. In the later stages of compression, when the mixing effect of vortices has subsided, the temperature field begins to appear more uniform in the inner region, but cold on the boundaries, as shown in Fig.7 .(f).
CONCLUSIONS
Through CFD analyses, compression with constant piton velocity is found to follow a polytropic process and can be characterized by a polytropic exponent, ݊. Further study of the 8 Copyright © 2012 by ASME CFD results shows that the effects of the characteristic Reynolds number on ݊ are relatively large; larger Reynolds number results in larger ݊ , an indication of less heat transfer. The influence of aspect ratio on ݊ is generally small, except that when the aspect ratio is decreased toward 0.1, a significant drop in ݊ appears for the same Reynolds numbers. The influence of Eckert number on ݊ is small.
A polytropic model, verified by the CFD analysis, is developed for describing the storage power and efficiency as functions of ݊ and pressure ratio. The effects of heat transfer and temperature rise on the efficiency and storage power are shown. For the same pressure ratio, better heat transfer, or smaller temperature rise, leads to higher efficiency, yet lower dimensionless storage power.
The effects of turbulence are studied. In the real flow situation, transition from laminar flow to turbulence may occur in some cases. The differences in the calculated polytropic exponent values between laminar solutions and turbulent solutions computed with a RANS model are small. It is also shown from the CFD results that vortices developed during compression tend to decrease the rate of temperature rise, due to more effective mixing of the colder fluid near the wall with the hotter fluid in the inner region. This increases the efficiency. 
NOMENCLATURE
